A nkle fracture is one of the most common injuries in sports or daily activity. Nondisplaced and stable fractures can be managed nonoperatively. A displaced fracture of the lateral malleolus and most bimalleolar or trimalleolar fractures need surgical reduction and fixation. Metallic implants provide good stability, and early rehabilitation is possible. However, there are some theoretical and practical disadvantages, such as inflammation due to metallosis, osteopenic change caused by a stressshielding effect 1 , imaging interference 2 , and the potential need for a second surgical procedure to remove the implant. Recently, biodegradable implants have been introduced to overcome these disadvantages 3 . To our knowledge, the first use of biodegradable materials in orthopaedic surgery was reported by Rokkanen et al., in 1984 , for the internal fixation of ankle fractures 4 . Since then, Disclosure: None of the authors received payments or services, either directly or indirectly (i.e., via his or her institution), from a third party in support of any aspect of this work. None of the authors, or their institution(s), have had any financial relationship, in the thirty-six months prior to submission of this work, with any entity in the biomedical arena that could be perceived to influence or have the potential to influence what is written in this work. Also, no author has had any other relationships, or has engaged in any other activities, that could be perceived to influence or have the potential to influence what is written in this work. The complete Disclosures of Potential Conflicts of Interest submitted by authors are always provided with the online version of the article.
various forms of implants, such as screws, plates, rods, interference screws, etc., have been designed. Several biodegradable materials, including polyglycolide, polylactide polydioxanone, and polylevolactic acid, are available. Each material has its own biologic properties, and some of the materials may not provide stable fixation and are associated with tissue reaction such as sinus formation or osteolysis [5] [6] [7] [8] . The purpose of this prospective study was to compare the outcomes of the fixation of ankle fracture with biodegradable materials composed of polylevolactic acid, which is a levo isomer of polylactide, with metallic implants. The null hypothesis is that the clinical outcomes of biodegradable plateand-screw fixation for ankle fracture are not different from those with use of fixation with metallic implants.
Materials and Methods
T his prospective randomized controlled study was performed with the approval of the ethics committee of our institution, and is registered with ClinicalTrials.gov (number NCT01431560). Between December 2008 and January 2010, 186 subjects who sustained an ankle fracture requiring surgical intervention underwent open reduction and internal fixation. The inclusion criteria were skeletal maturity (an age of sixteen years or older) and a unilateral ankle fracture. Indications for surgery were bimalleolar and trimalleolar fractures, a lateral malleolar fracture with displacement of ‡2 mm, or an isolated medial malleolar fracture with displacement of ‡2 mm. The exclusion criteria were an age of less than sixteen years, subjects who had follow-up that was not done at our hospital, multiple injuries, bilateral ankle fracture, open fractures, pathologic fractures, a concomitant fracture of the tibial shaft, a history of immobilization due to substantial injury or a fracture of either ankle, substantial peripheral neuropathy, soft-tissue infection in the region on either injured ankle, or an inability to complete the study protocol. Of 186 potentially eligible subjects, seven were less than sixteen years old, two subjects had open fractures, seven subjects had multiple injuries, twenty-four subjects had a previous injury on either ankle, and thirty-seven subjects declined to participate in the study. The burden of the medical expense related to the surgical procedure was the reason for refusal in most cases. One hundred and nine subjects participated in this study, with informed consent provided after the purpose and procedures of this study were explained (Fig. 1) .
Patients underwent the surgery with a metallic one-third tubular plate and screws (Solco Biomedical, Pyeongtaek, Gyeonggi, South Korea) (Group I) or a biodegradable FreedomPlate and screws (Inion Oy, Tampere, Finland) (Group II) (see Appendix). A sealed envelope that had been randomly chosen by a scrub nurse was opened in the operating room before the surgery. Ankle trauma radiographs (anteroposterior, lateral, and mortise views) were made preoperatively. Fractures were classified according to the Orthopaedic Trauma Association (OTA) system 9 . Stress radiographs were not made routinely, and, if necessary, were made with the patient under anesthesia. Medial clear space and tibiofibular clear space were measured on a Picture Archiving and Communication System (GE Healthcare, Chicago, Illinois). Baseline demographic and functional data were acquired by trained interviewers after informed consent was obtained. The baseline characteristics were scored with use of the Short Musculoskeletal Function Assessment (SMFA) scoring system 10 on the basis of the function prior to the day of injury. Comorbidity was assessed with use of the classification system of the American Society of Anesthesiologists (ASA) 11 . All surgical procedures were performed in a similar manner with use of a plate and screws or screws only. A tourniquet was applied from the time of skin incision to the time of skin closure. Fibular fractures were fixed first, and medial malleolar fractures thereafter if fractured. Fibular fractures were plated laterally, not posteriorly. The proximal fragment was fixed with either a minimum of three 3.5-mm cortical screws (Group I) or a minimum of three 3.1-mm cortical screws (Group II). The distal fragment was fixed with either a minimum of two 4.0-mm cancellous screws (Group I) or a minimum of two 4.5-mm cancellous screws (Group II) near the tip of the fibula. Lag screws were not used for the interfragmentary fixation to any fibular fractures. Medial malleolar fractures were fixed with two 4.5-mm lag screws or a tension band wire (Group I) or two 4.5-mm lag screws or 4.5-mm cancellous screws and/or a plate (Group II). The posterior malleolus was fixed with a 4.5-mm lag screw if the fragments were not reduced during the reduction of the lateral malleolus and more than a third of the joint surface was involved. After the fibular and tibial fixation, syndesmosis stabilization was performed if tibiofibular clear space widening was ‡5 mm under lateral stress or if medial clear space widening The CONSORT (Consolidated Standards of Reporting Trials) flow diagram of this study.
was ‡5 mm under external rotation stress. Fixation of four cortices with use of a 3.5-mm full-threaded cortical screw (Group I) or a 4.5-mm full-threaded cortical screw (Group II) was performed in all ankles with syndesmotic disruption. Disrupted deltoid ligaments were not repaired. Immobilization with a short leg splint or cast for two weeks until suture removal was the protocol for both groups. A functional brace was applied for the next four weeks with active-assisted ankle motion. After six weeks of non-weightbearing, full weight-bearing was allowed as tolerated. For the subjects with syndesmotic disruption, full weight-bearing was delayed for eight weeks after surgery. No venous thromboembolism prophylaxis was performed perioperatively.
The operative time from skin incision to skin closure was recorded. The postoperative radiographic result was assessed by the criteria of the Klossner classification system 12 (see Appendix). Clinical results were assessed at six weeks, three months, six months, and at least one year postoperatively, and ankle radiographs (anteroposterior, lateral, and mortise views) were made at two weeks and every six weeks until fracture-healing was achieved, to assess bone union and maintenance of the reduction of the fracture and ankle mortise. Fractures were defined as healed when the subjects were able to achieve full weight-bearing without substantial local discomfort and three cortices of osseous bridging on radiographs were confirmed. The American Orthopaedic Foot & Ankle Society (AOFAS) ankle-hindfoot scale 13 , SMFA dysfunction index, and SMFA bother index were assessed at three months, six months, and one year after surgery.
Statistical Analyses
The sample size was calculated on the basis of the AOFAS ankle-hindfoot scale. A sample size of thirty-three subjects in each group would have 95% power to detect a difference of 5 on the AOFAS scale. Statistical analyses were performed with SPSS software (version 17.0; IBM, Armonk, New York). The statistical analyses of differences in continuous variables between the groups were performed with the independent t test, and differences in categorical variables, with the chi-square test. The level of significance was set to a p value of £0.05.
Source of Funding
There was no external source of funding.
Results
O ne hundred and two subjects, fifty-three in Group I and forty-nine in Group II, were followed for at least one year. The average follow-up period (and standard deviation) was 19.7 ± 4.6 months. All of the subjects underwent surgery within eight days after the injury (see Appendix). Twenty-two subjects (21.6%) had syndesmotic stabilization in association with an unstable ankle fracture, whereas eighty subjects (78.4%) did not. Of the twenty-two subjects who had syndesmotic injury, twenty-one were treated with plate-and-screw fixation because of concomitant fibular fractures, and one in Group I was treated with syndesmotic screw fixation only. The mean surgical time was 30.2 ± 4.5 minutes in Group I and 56.4 ± 10.7 minutes in Group II (p < 0.001). On the immediate postoperative radiographs, no significant differences were detected with regard to the reduction of the medial malleolus, lateral malleolus, posterior malleolus, and syndesmosis (Table I) . However, six of twelve subjects who had a medial malleolar fracture in Group II showed a fracture gap on radiographs postoperatively (two subjects) or during follow-up (four subjects) (Fig. 2) . Two subjects in Group II showed a loss of reduction of the fibular fracture and resulting nonunion during Radiographs of the left ankle in a thirty-seven-year-old woman in Group II.
Figs. 2-A, 2-B, and 2-C Preoperative anteroposterior (Fig. 2-A) , mortise ( Fig. 2-B) , and lateral ( Fig. 2-C (Fig. 2-D) , mortise ( Fig. 2-E) , and lateral ( Fig. 2-F) radiographs showing a good reduction of the medial malleolus with two 4.5-mm lag screws; however, the fracture gap remains.
follow-up, and these two subjects with nonunion were excluded from the analysis of clinical outcomes. Clinical outcomes of this study showed no difference in mean scores on the SMFA dysfunction and bother indices for each group, whereas the mean AOFAS score for Group II was inferior to that of Group I at twelve months after surgery (p < 0.05) (Table II) . For subjects with isolated lateral malleolar fractures, no significant difference was found between those in Group I and those in Group II with respect to clinical outcome (Table III) . All subjects, except for two in Group II who had loss of reduction, ultimately had healing with radiographic union. One subject with bimalleolar fracture in Group II had a nonunion of the lateral malleolus, and he declined revision surgery (Fig. 3) . The other subject with an isolated lateral malleolar fracture in 
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Group II had bone union after revision surgery with use of a metallic plate and screws. One subject in Group I had a superficial minor wound problem, managed by dressing changes and antibiotics. No deep infection occurred. In Group I, eighteen of fifty-three subjects had hardware removal surgery at least one year after the index surgery. The reasons for removal were the sensation of a prominence under the skin in eleven subjects, mild tenderness in six subjects, and patient preference in one subject. In Group II, eight of forty-nine subjects had sensation of a prominence under the skin and four of them had mild tenderness. There was no osteolysis or swelling.
Discussion
T he outcomes for the unstable ankle fractures treated with a biodegradable plate and screws and those that had metallic implants for fixation were comparable, with the exception of the scores on the AOFAS scale. However, the difference of 3.2 points in the AOFAS score between the groups at twelve months after surgery might be significant but not of much clinical importance. This study also showed that the outcomes of isolated lateral malleolar fractures with or without syndesmotic injury that had fixation with biodegradable plates and screws were comparable with those that had fixation with metallic implants.
The main advantage of biodegradable implants is that a secondary operation for removal is not necessary, whereas metallic implants may need to be removed because of osteopenia 1 , corrosion 14 , and irritation of adjacent tissues. Furthermore, stress-risers may be created by the metallic screws and at the end of the plate, although there are few data indicating an increased overall fracture risk caused by a retained implant. As biodegradable implants degrade, stress shifts to bone, which prevents bone resorption [15] [16] [17] [18] . Stress concentration would not be a problem any longer once biodegradable implants are absorbed and screw holes are filled with new bone 19 . However, the biodegradable implants have the disadvantages of being expensive, having less strength than metals 15, 18 , and having the potential for tissue reaction 20, 21 . Biodegradability may also make it difficult to remove the implants in case of infection because the implants become fragile over time.
The surgical time was considerably longer in Group II than in Group I, which leads to a higher opportunity for the development of perioperative complications such as infection, deep vein thrombosis, and postoperative swelling and pain 22 . Some potential reasons for the longer surgical time in Group II include, first, the preparation of the fracture site for plating because the FreedomPlate requires more periosteal stripping and complete reduction to mold the plate. Second, after drilling for the screws, tapping takes more time because the pitch of the thread is narrow and far cortices need to be tapped. Third, an intraoperative c-arm image intensifier may be required more frequently because the implants are not visible on the c-arm image intensifier so the length of screw should be checked by depth gauge at every drilling, especially near the articular surfaces. In order to recommend biodegradable implants regardless of these weaknesses, the outcome must be at least as good as that for metallic implants.
Some reports have demonstrated that the results after the treatment of ankle fractures with biodegradable implants were comparable with those after treatment with metallic implants 23, 24 . Pelto-Vasenius et al. 8 reported that biodegradable implants are safe for the majority of ankle fractures, but are not suitable for comminuted and unstable fractures. The present study showed that the AOFAS score and time to fracture union for biodegradable implants were inferior to those of metallic implants. We doubt that the difference of 3.2 points in the final AOFAS score between the groups is clinically meaningful, although it was significant.
Several kinds of polymers, including polyglycolide, polylactide, polylevolactic acid, and co-polymers of polyglycolide and polylactide in various ratios, have been investigated. Each of these polymers has a different rate of degradation related to its chemical composition [25] [26] [27] . Among them, polyglycolide has (Fig. 3-A) and lateral ( Fig. 3-B ) radiographs showing the fractures of the medial malleolus and the fibula.
Figs. 3-C and 3-D Immediate postoperative anteroposterior (Fig. 3-C) and lateral ( Fig. 3-D) radiographs. Figs. 3-E and 3-F Anteroposterior (Fig. 3-E) and lateral ( Fig. 3-F) radiographs, made six months after surgery, showing the displacement of the fibular fracture and nonunion. 21, 2012 been reported to cause a foreign-body reaction and the formation of exudates and cavities; however, polylactide causes fewer complications 28, 29 . The FreedomPlate and screws are composed of polylevolactic acid. The screws can interlock with the plate, and the construct profile can be reduced by removing the screw head, resulting in less irritation of tissue. Although the reduction state of the fibular fractures in Group II was not significantly different from that of Group I, two subjects in Group II showed loss of reduction, resulting in nonunion during follow-up, and both showed high fibular fractures that were classified as OTA type C. High fibular fractures are usually more unstable than the OTA type-B fractures. However, we did not believe that the mechanical strength of the biodegradable plate was insufficient intraoperatively in either of the two subjects. One patient underwent revision with metallic implants and intraoperatively had pullout of the 3.1-mm cortical screws from the fibular shaft. We think that the reason was that the pitch of the cortical screw was too narrow and the pitch depth was too shallow to have enough pullout strength to maintain the reduction even after six cortices were held by cortical screws. The use of 4.5-mm cancellous screws might have prevented the complication; however, the mechanical strength of the bone would be reduced as the drillholes are larger 30 . Although the reduction state of the medial malleolar fracture on the basis of the Klossner criteria was not different between the groups, a fracture gap was shown on postoperative radiographs of more ankles in Group II than in Group I, which means the biodegradable screws could not provide sufficient compression to the fracture site. The fracture gap was assumed to affect the bone union time, although there was no nonunion of the medial malleolus. When the fibular fractures in Group II were prepared for plating with the FreedomPlate, which is wider than the metallic plate, more periosteal stripping was done than in Group I, which may affect the bone-healing. However, no difference was detected between the groups in the outcomes for isolated lateral malleolar fractures. These results could suggest that the FreedomPlate and screws may be a good option for an isolated lateral malleolar fracture with or without syndesmotic injury. The diameters of the biodegradable screws used in this study were 3.1 mm (cortical screw) and 4.5 mm (cortical and cancellous screws). Recently, 2.9-mm cortical screws have become available. However, the diameters of the biodegradable screws were not correspondent with those of the metallic screws (3.5-mm cortical and 4.0-mm cancellous screws). Metallic plates vary in length, depending on the number of screw holes, which ranges from five to ten. However, the biodegradable plates were only two lengths: 6 cm and 10 cm. Of those, only the 10-cm-long plate was used in this study and was adjusted in length by Mayo scissors if needed. Bone-healing time would be different between metal and polylevolactic acid implants as the stiffness of the fixation constructs differ from each other. However, torsional strength of the bone after union may also be different from each other because of the size of the remaining screw holes and the stress-shielding effect of the remaining construct.
This study has limitations. First, the follow-up period was short, and there may be some improvement of clinical outcomes later as the FreedomPlate and screws are not completely resorbed for four or five years, according to the manufacturer. Second, baseline function and bother indices of the SMFA were obtained retrospectively after injury. Third, no assessment was done of the integrity of the ligament, with use of stress radiographs or magnetic resonance imaging scans, nor was the articular cartilage injury examined intraoperatively, which may affect the clinical outcomes considerably. Fourth, because the study population consisted of relatively young and healthy subjects, the findings may not apply to an elderly population.
In summary, the outcomes associated with the use of a biodegradable plate and screws for ankle fractures were inferior to those with a metallic plate and screws in terms of AOFAS scores and time to bone union. However, the difference in the final AOFAS scores between the groups may not be clinically important. The outcomes of the use of a biodegradable plate and screws for isolated lateral malleolar fractures with or without syndesmotic injury were comparable with those of metallic implants. Although biodegradable implants may be an attractive option, some concerns need to be addressed such as the longer operative time; the cost, which is several times higher than that of the metallic implants; and the technical complexity of the use of the implants.
